The 400 A filaments or "whiskers," which extend outward from the collar region of the phage, control retraction and extension of the tail fibers in response to certain environmental conditions. The tail fibers of normal phage retract in the absence of a required adsorption cofactor, at low pH, at low ionic strength, at low temperature, and at high concentrations of polyethylene glycol. The 
neutralize T4, probably by fixing tail fibers in the retracted configuration. Phage with retracted tail fibers, adsorb poorly to host bacterial cells, and their adsorption rate increases as the fibers become extended. These results suggest that one function of the whiskers is to retract the tail fibers and thereby prevent adsorption to host cells under certain conditions that might be unfavorable for production of phage progeny following infection.
The whiskers of bacteriophage T4 are slender filaments with dimensions of about 20 by 400 A, which extend outward from the collar region at the base of the phage head. Although clearly visible in some early electron micrographs (for example, see ref. 1), they have been recognized only recently as distinct phage organelles (2, 3) , and their function is not yet fully understood (4) . The presence of whiskers de- pends on the expression of a gene designated wac [whisker antigen control (4)], which lies between genes 12 and 13 on the T4 genetic map (5) .. The whiskers are nonessential for phage growth, since amber (am) mutants defective in the wac gene, under nonpermissive conditions, form plaques somewhat smaller than those of wild-type T4 at normal plating efficiency (5) . Such mutant phage are referred to throughout this paper as wac, while phage that carry the normal allele and have whiskers are designated wac+.
Several wac mutants were selected initially as phage that would adsorb to host cells in the presence of polyethylene glycol (PEG) concentrations that inhibit adsorption of wildtype T4, presumably by causing its tail fibers to assume the retracted (PR) configuration along the sheath instead of the extended (PE) configuration (5) . It has been known for many years that phage in the PR state have a sedimentation constant of about 1000 S and adsorb poorly to bacteria, while phage in the PE state have a sedimentation constant of 700 S-800 S and can adsorb efficiently to bacteria (see refs. 6 and 7, and earlier references in these papers). Phage in buffered saline solutions assume the PR state at low pH (<5) and, for cofactor-requiring strains, in the absence of tryptophan. They return to the PE state at pH 26 and, for cofactor-requiring strains, in the presence of tryptophan (6) . More recent observations (8) The relative insensitivity of whiskerless phage to PEG suggested that whiskers might play the intriguing role of structural regulatory elements that prevent the phage from infecting host cells under certain conditions unfavorable for phage multiplication, by holding the tail fibers in the PR configuration. To test this notion, we have compared wac+ and wac phage with regard to the effects of several environmental variables on tail fiber retraction, as measured by sedimentation rate, sensitivity to neutralizing antibodies to whiskers, and rate of adsorption to host cells.
MATERIALS AND METHODS
Media and Reagents. H broth was used for liquid culture of bacteria and phage, and EHA top and bottom agar were used for plating (9) . PEG (Carbowax 4000) was from Union Carbide Co., and papain from Calbiochem.
Phage Strains are all derivatives of T4D from the Caltech collection except as noted. The original wac mutant amE727J, obtained from a backcross of amE727 to wild type (4) and shown to carry a nonlethal am mutation in the wac gene, was given to us by Dr. F. Frankel and used for all experiments with wac phage. The PEG-resistant mutant CBW11B, shown to carry a nonlethal gene 36 mutation that impairs interaction between whiskers and tail fibers (5), was donated by R. Vanderslice. wac+ rapid lysis mutants r48 and rdf4l, which give large r plaques, were often used in place of wild-type T4D. The gene defects in the following multiple am mnutants are indicated in parentheses. X4E (34-, 35-, 37-, 38-) was used for preparation of tail-fiberless particles as described previously (10) . X723 (34-, 35-, 37-, 38-, wac), obtained from a cross of amE727J with X4E, was used to prepare whiskerless tail-fiberless particles by the same procedure. X122 (23-, 34-, 37-, 38-) was used to prepare purified complete tails according to King (11) .
Escherichia coli Bacterial Strains were used as follows: CR63 (permissive for am mutants) for preparation of phage stocks and for genetic crosses; S/6 (nonpermissive) for preparation of wac phage and for plaque assay of mixed wac and wac+ phage (wac phage produce small plaques on S/6 that are clearly distinguishable from wild-type or r plaques); and B/5 (nonpermissive) for preparation of defective lysates and for measurement of phage adsorption.
Methods not described were as reported previously (10) . RESULTS (5-20%) of 11 ml on a 0.5 ml cushion of 50% sucrose contained 0.01 M sodium phosphate at the indicated pH, 0.001 M MgSO4, 100 ug/ml of gelatin, and NaCl as indicated. Samples (0.05 ml) containing 8 X 107 r48, 6 X 107 wac, and 6 X 1011 (5 A265 units) tail-fiberless particles were layered onto the gradients and sedimented at 17,000 rpm (average 35,000 X g) for 50 min at 200 unless otherwise indicated. Fractions were diluted and assayed for infectivity by plating on S/6 bacteria. The large plaques formed by r48 (wac+) phage (0) were clearly distinguishable from the small plaques formed by wac phage (-). The tail-fiberless X4E particles used as a marker were assayed by absorbance at 265 nff (A). Recoveries from gradients were >80% for A265, 50-90% for r48 phage, and 30-70% for wac phage. In general, recoveries decreased with decreasing salt concentration in the gradient. (a) pH 7, 0.10 M NaCl. (b) pH 5, 0.10 M NaCl. (c) pH 7, no NaCl; centrifugation was for 45 rather than 50 min. fiberless particles (6) NaCl, but at 0.025 M NaCl the fibers of wac phage are almost fully extended whereas those of wac+ phage are still almost completely retracted. The finding that T4 wac mutants could adsorb to host cells at PEG concentrations that block wild-type T4 adsorption suggested that whiskers might mediate tail fiber retraction in the presence of PEG (5) . It further suggested that whiskers also might mediate the tail fiber retraction observed by earlier workers (6) in response to low temperature, low pH, and, for certain cofactor-requiring strains of T4, absence of tryptophan. These suggestions were tested by comparing the sedimentation behavior of wac and wac+ phage under various conditions, with the results shown in Table 1 . These experiments confirm previous indications that the whiskers are required for tail fiber retraction at 5°(4) and enhance retraction in the presence of PEG (5) . However, the results also indicate that whiskers are not required for retraction in response to low pH or absence of tryptophan. (Fig. 2, X's) .
Lack
Anti-Whisker Antibodies Neutralize Phage with Retracted Tail Fibers. Most of the neutralizing activity of rabbit anti-T4 serum is directed against the phage tail fibers (13) . Antiserum prepared against T4 tail-fiberless particles neutralizes phage at a slower rate, at least partly by combining with the phage baseplate (11, 13 Anti-whisker serum gave a biphasic killing curve for wac+ phage (Fig. 3) . Neutralization to about 20% survival proceeded with first-order kinetics, and a rate constant (kn) of about 3 min-for the undiluted serum. The remaining phage were neutralized at about a 7-fold lower rate (kn = 0.4 min'), to <1% survival in some experiments. By contrast, the serum neutralized wac phage at a slow constant rate with klc = 0.3 min1. If the slow neutralizing activity for both phages is assumed to be due to residual antibase- (17) . Since the genetic determinant for this requirement maps in the tail fiber region, a tryptophan-requiring wac hybrid was obtained by crossing T4B with amX723 (Materials and Methods) and selecting progeny that plated on S/6 with the small-plaque phenotype characteristic of the wac defect. A stock made from such a plaque was shown to be insensitive to anti-whisker serum relative to the original T4B, and to require tryptophan for adsorption to bacteria.
plate antibodies still present in the adsorbed serum, then the results with wac+ phage suggest that only about 80% of these particles can be neutralized by reaction of the whiskers with antibodies under these conditions. Several lines of evidence suggest that anti-whisker antibodies neutralize wac+ phage by fixing tail fibers in the retracted state. First, the serum does not kill phage irreversibly, since wac+ phage neutralized to <10% survival were restored to >90% of the original infective titer by treatment with 1.0 mg/ml of papain for 60 min at 370 (data not shown). Second, neutralized wac+ phage were shown to adsorb very poorly to host cells compared to serum-treated wac phage (by incubation with bacteria, centrifugation, and assay of unadsorbed phage in the supernatant solution after reactivation with papain; data not shown). Third, the initial kn for wac+ phage is dependent on salt concentration. As shown in Table 2 , kn decreases by a factor of about 7 for r48 as [NaCI] is increased, and shows an abrupt drop in the range of salt concentrations over which the fibers extend as measured by sedimentation (Fig. 2, solid circles) . The salt dependence of k,, for CBW11B is quite different, but again the drop occurs in the range of increasing salt concentrations over which fibers extend (Fig. 2, X's) . These results are not due to failure of antibodies to react with whiskers at high salt concentration. When wac+ phage were treated with serum at high [NaCl] under conditions of slow inactivation (80% survival after 50 min) the survivors acquired resistance to PEG-inhibition of adsorption to bacteria, comparable to that of wac phage (data not shown). The simplest explanation for this effect is that the whiskers, by reacting with antibody when the fibers are extended, become unable to mediate subsequent tail fiber retraction. The biphasic nature of the neutralization curve in Fig. 3 Values of kn were calculated from neutralization kinetics determined as described in the legend to Fig. 3 . The buffer contained a constant concentration of anti-whisker serum and various concentrations of NaCl as indicated.
lated to Degree of Tail Fiber Extension. The previously observed PEG-resistance and other properties of wac mutant phage (4, 5) suggested that whiskers might control adsorption rates by mediating tail fiber retraction, since phage in the PR state adsorb poorly to bacterial host cells (6) . To quantitate the relationship between adsorption and fiber extension, adsorption rate constants were determined at 200 for wac+ and wac phage at several NaCl concentrations. The experiments were designed to measure the fraction of phage that remained unadsorbed after incubation with bacteria and rapid centrifugation to remove all adsorbed phage (Table 3) . Since [NaCl] may directly affect the interaction of phage with the cell surface as well as affecting whisker-fiber interaction, the ratio of rate constants for wac+ and wac phage is probably the best parameter for assessing the relationship of salt-dependent fiber extension to adsorption rate. As shown in Table 3 , this ratio increases from about 0.4 to 1.0 as [NaCl] is increased from very low concentration to a level at which the tail fibers of wac+ phage are about 25% extended as measured by sedimentation. DISCUSSION Our interpretation of the sedimentation experiments is based upon two assumptions: that the observed variations in sedimentation rate with centrifugation conditions are due entirely to changes in tail fiber configuration, rather than other changes in particle shape, and that the differences in sedimentation between wac and wac+ phage are due entirely to whisker-mediated effects on tail fiber configuration. The first assumption has been justified convincingly by Gordon (7), and is consistent with our failure to observe any reproducible variation in tail-fiberless particle sedimentation with ionic conditions.* The second assumption is supported by the following arguments. First, wac and wac+ phage cosediment under conditions where the tail fibers are retracted. Second, the functional test of adsorption to bacteria indicates that there are differences in tail fiber configuration between wac and wac+ phage in the low range of 0.01-0.05 M NaCl. Third, the tail fiber mutation CBW1LB causes wac+ phage to sediment similarly to wac phage; specifically, at 0.50 M NaCl, pH 7, where wac and wac+ phage differ in sedimentation properties (Fig. 2) , wac and CBW1LB phage show the same sedimentation constant within experimental error (752 i 7 S and 756 i 7 S, respectively).
If the phage particle could exist only in either of two interconvertible states, PR and PE, then the parameter CE would be a measure of the equilibrium position of the inter- (17) and baseplate (18) have been suggested for the sites that respond to adsorption cofactors, but conclusive evidence for either is lacking.
The mechanism of whisker-mediated tail fiber retraction probably involves association between the whiskers and p36 (5), a protein in the distal half of the tail fiber near the central kink (2, 12) . When a tail fiber is lying along the tail sheath in the PR configuration, the central kink is about 300 A from the collar, within easy reach of a 400-A whisker. Since the equilibrium of the retraction-extension reaction is shifted toward retraction by decreases in either ionic strength or temperature, the whisker-fiber association must involve interaction of polar rather than nonpolar groups on the two proteins.
Given the role of the whiskers in mediating the responses to temperature and ionic strength, it is tempting to speculate on the functional significance of these organelles. Tail fiber retraction may decrease the probability of accidentally triggering the baseplate conformational changes that lead to sheath contraction (19 
